In this work, the transition form factors are calculated for the semileptonic D (s) → Aℓ + ν where A = a1, b1, K1(1270, 1400), i.e., D + → a ℓ + ν in the frame work of the light-cone QCD sum rules (LCSR) approach up to the twist-3 distribution amplitudes (DAs). Since the masses of these axial vector mesons are comparable to the charm quark mass, we keep out in our calculations all terms including mA/mc in expansion of two-parton DAs. Branching ratio values are estimated for the semileptonic D (s) → Aℓν and nonleptonic D → K1(1270, 1400)π decays. A comparison is also made between our results and predictions of other methods and the existing experimental values.
I. INTRODUCTION
Exclusive semileptonic decays of B and D mesons are very useful to determine the weak interaction couplings of quarks within the standard model (SM) because of their relative abundance and the simplicity of their study comparative to nonleptonic decays. In connection with the charmed hadrons, there are several features that make a difference between them and other hadrons. In the following, some of them are mentioned [1] :
1) The mass of the charmed hadrons is about 2 GeV. In these region, the nonperturbative hadronic physics is operative. However, theoretical methods developed for heavy quarks can in principle still be applied, albeit with larger uncertainties.
2) Charmed hadron data can be used to probe the Yukawa sector of the SM by the lattice QCD simulations.
3) In many cases, charm transitions provide almost background-free low-energy signals of new physics (NP). 4) Manifestation for charm quark existence came from low energy kaon oscillation experiments. Similar to this, one can hope that oscillations of charmed hadrons can provide hints of what is happening at the TeV scale.
The meson D (s) , which contains one heavy charm quark c and one light quark, is placed in the heavy mesons category. The heavy charmed meson can decay into the axial vector mesons by emitting a pair of leptons ℓν through weak interaction. In quark level, this process is induced by the semileptonic decay of charm quark c → qℓν, where q = d, s. This light quark d or s is bound with the initial light quark in the charmed meson by strong interaction to form an axial vector meson. It should be noted that another category of charmed meson decays can be fulfilled by the flavor changing neutral currents (FCNC) at tree level in SM via the c → uℓ + ℓ − transition such as D → πℓ + ℓ − , D → ρℓ + ℓ − , D → π γ and D → ρ γ decays (for more detailed, see [2] ). Analyzing the semileptonic decays of the charmed D (s) meson is important for determination of the Cabibbo-Kabayashi-Maskawa (CKM) matrix elements, checking the standard model and also calculation of the leptonic decay constants of the initial and final meson states.
Nonperturbative effects of semileptonic decays can be parameterized by transition form factors. Considering the transition form factors for the semileptonic decays of mesons has two-fold importance:
• A number of the physical observables such as decay withe and branching ratio, in addition some parameters of the SM can be investigated using these form factors.
• The factorization of amplitudes in the nonleptonic two-body decays can be fulfilled in terms of the transition form factors.
The form factors are calculated by various methods. Each method is more powerful than other methods in a certain region of the transferred momentum square q 2 . In the region q 2 → 0 where the momentum of the outgoing meson is high, the large energy effective theory (LEET) can be used for determining of the form factors. In the region of large momentum transfer (q 2 → q 2 max ), the lattice QCD (LQCD) can be used. In q 2 = q 2 max , the Form factors can be calculated within the heavy-light chiral perturbation theory (HL χ P T ), that is based on the heavy quark effective theory (HQET). Calculations within HL χ P T can also be completed by calculations in the frame work of the heavylight chiral quark model (HL χ QM ). Corrections via the heavy quark symmetry are of the order O(1/m c ), which will be larger in the D sector than in the B sector [3] .
A particularly approach to heavy-to-light transitions is offered by QCD sum rules on the light-cone. The LCSR approach combine operator product expansion (OPE) on the light-cone with QCD sum rule techniques in the region that q 2 is near zero. In this approach, the nonperturbative hadronic matrix elements are described by the light-cone distribution amplitudes (LCDAs) of increasing twist instead of the vacuum condensates (for more details, see Refs. [4] [5] [6] [7] [8] 
have been computed in the framework of the covariant confined quark model (CCQM) [9, 10] . Both the vector and scalar form factors of D → Kℓν decay have been determined from the experimental measurements [11] . In Ref. [12] [13] [14] , the D → π(K, ρ) ℓ ν decays have been studied by the LCSR approach. The semileptonic processes D → π, ρ, K and K * have been investigated by the HQET in Ref. [15] , while the form factors of the D → π(K, K * )ℓ ν transitions have been evaluated by the LQCD method in Ref. [16] [17] [18] . The semileptonic decays
* (ρ, φ) ℓ ν have been studied in the framework of the three-point QCD sum rules (3PSR) [19] [20] [21] [22] [23] [24] [25] . For the axial vector meson, as the final state in D meson decays, the D q → K 1 ℓ ν (q = u, d, s) and D → a 1 , f 1 (1285), f 1 (1420) transitions have been analyzed by the 3PSR approach [26, 27] .
The main purpose of this paper is the form factor investigation for the semileptonic decays of D (s) meson to the axial vector mesons such as:
The first three cases of these decays are described by c → d ℓν transition at quark level, while the latter is proceed by c → s ℓν transition. We plan to calculate the form factors of the aforementioned semileptonic decays up to the twist-3 DAs of the axial vector mesons in the framework of the LCSR. It should be noted that we keep out all terms including m A /m c (m A stands for the axial vector mass) in the expansion of the two-particle DAs of the axial vector mesons since their masses are comparable to quark mass m c . We compare our results for the transition form factors of the semileptonic decays with predictions obtained from other methods. Using the computed form factors, the branching ratios of the nonleptonic
A comparison is made between our values for the branching ratios of the aforementioned nonleptonic decays with results obtained form other approaches as well as existing experimental values.
The physical states of K 1 (1270) and K 1 (1400) mesons are considered as a mixture of two |K 1A and |K 1B states and can be parameterized in terms of a mixing angle θ K , as follows [28] :
where |K 1A and |K 1B have different masses and decay constants. Also, the mixing angle θ K can be determined by the experimental data. There are various approaches to estimate the mixing angle. The result 35
• was found in Ref. [29] , while two possible solutions were obtained as |θ K | ≈ 33
• ∨ 57 • in Ref. [30] and as |θ K | ≈ 37
• ∨ 58
• in Ref. [31] . A new window for the value of θ K is estimated from the results of B → K 1 (1270)γ and τ → K 1 (1270)ν τ data as [32] 
Sofar this value is used in Refs. [33] [34] [35] [36] [37] [38] . In this study, we also use the result of θ K = −(34 ± 13)
• . The paper is organized as follows: In Sec. II, by using the LCSR method, the form factors for the semileptonic decays of D to the axial vector mesons are derived. In Sec. III, we present our numerical analysis for the form factors and determine the branching ratio values of the semileptonic and nonleptonic decays. A comparison is also made between our results and the predictions of other methods in this section.
II. TRANSITION FORM FACTORS IN THE LCSR
To calculate the form factors of the semileptonic transition of D 0 to the axial vector meson a
in the LCSR method, we consider the following correlation function as
in this correlation function, q = p − p ′ , where p and p ′ are the four-momentum of the initial and final meson states, respectively. In addition, j D 0 = iūγ 5 c is known as the interpolating current of
Following the general idea of the LCSR, the correlation function in Eq. (3) should be calculated in two different languages: 1) in terms of hadronic properties which we say the physical representation, and 2) quark and gluon degrees of freedom which is the theoretical side. Equating two sides and applying the Borel transformation to suppress the contribution of the higher states and continuum, we get sum rule expressions for the form factors. Let us first consider the physical representation of the correlator function.
To obtain the phenomenological or physical representation of the correlation function, a complete set of intermediate states with the same quantum numbers as the current J D 0 is inserted between two currents in Eq. (3) . Isolating the pole mass term of the pseudoscalar D 0 meson and applying Fourier transformation, we get
+ higher states and continuum.
The matrix element a
is parameterized in terms of the form factors as follows:
where m a 
with the condition V 0 (0) = V 3 (0). The second matrix element in Eq. (4) is expressed in the standard way as
where f D is the D meson decay constant and m c (m d ) is the c(d) quark mass. Using Eqs. (5) and (7) in Eq. (4), the phenomenological part of the correlation function is written in terms of the form factors and Lorentz structures as
where ρ h µ is the spectral density of the higher resonances and continuum. This spectral density can be approximated by evoking the quark-hadron duality assumption as:
ρ QCD µ (s) is the perturbative QCD spectral density investigated from the theoretical side of the correlation function. The threshold s 0 is chosen near the squared mass of the lowest D 0 meson state. Now, the QCD or the theoretical part of the correlation function should be calculated. The calculation of the Π µ in the region of large space-like momentum is based on the expansion of the T -product of the interpolating and interaction currents near the light-cone. After contracting c andc quark fields, we get
where S c (x, 0) is the full propagator of the c quark in presence of the background gluon field as
The first term on the right-hand-side corresponds to the free quark propagator, G µν is the gluon field strength tensor and g s is the strong coupling constant. In the present work, contributions with two gluons as well as four quark operators are neglected because their contributions are small. For obtaining the theoretical part of the correlation function, the Fierz rearrangement is used. For this aim, the combination of Γ i Γ i is inserted before u(0) in Eq. (10), where Γ i is the full set of the Dirac matrices, Γ i = (I, γ 5 , γ µ , γ µ γ 5 , σ µν ). After rearrangement the quantum fields and matrices appearing in the correlation function, in addition considering all terms of the full propagator S c (x, 0), it turns into two parts including a matrix trace and a matrix element of non-local operators between a − 1 meson and vacuum state, i.e., a
In the LCSR approach the non-zero matrix elements, called the LCDAs, are defined in terms of twist functions. For instance, two-particle DA a
where
⊥ , h (t) and h (p) are twist-3 functions. For x 2 = 0, we have
We should keep out all terms of the two-parton LCDA in Eq. (12) in our calculations, since the mass of the axial vector meson a − 1 is comparable to the charm quark mass. The explicit expressions for the relevant two-and three-parton LCDAs and definitions for the above mentioned twist functions are collected in Appendix A.
Using the LCDAs and after some straightforward calculations, the correlation function in theoretical side appears as an integral expression that made up of the twist functions and Lorentz structures.
To equate the coefficients of the corresponding Lorentz structures from both phenomenological and theoretical sides of the correlation function and apply Borel transform with respect to the variable p 2 as
in order to suppress the higher states and continuum contributions, one can obtain the transition form factors of the D 0 → a − 1 ℓ + ν decay in the frame work of the LCSR. For instance, the form factor A(q 2 ) is calculated as
where u 0 is the function of s 0 , the continuum threshold of D 0 meson, as
The explicit expressions for the other form factors are presented in Appendix B.
Following the previous steps in this section, phrases similar to Eq. (14) and Appendix B can be obtained for the transition form factors of
III. NUMERICAL ANALYSIS
We present our numerical analysis for the form factors and branching ratio values of the semileptonic D (s) → Aℓ + ν, where A = a 1 , b 1 , K 1 (1270, 1400), and the nonleptonic D → K 1 (1270, 1400)π decays in two subsections. First, the transition form factors and branching ratio values of the semileptonic
In the next subsection, using these form factors, the branching ratio values are calculated for the nonleptonic
decays via the factorization method. For a better analysis, a comparison is made between our results and predictions of the other methods and the experimental values. In this work, masses are taken in GeV as m c = 1.28±0.03, m D = 1.86 and m Ds = 1.96 [40] . We use the results of the QCD sum rules for decay constants of D and D s mesons, rather than the actual value of them, as f D = 210 ± 12 MeV and f Ds = 246 ± 8 MeV [41] ; in this way radiative correction will be canceled. Masses and decay constant values for the axial vector mesons are collected in Table I . We can take f A = f ⊥ A at energy scale µ = 1 GeV [39] . All of the decay constant values for the axial vector mesons in Table I , and also masses for two K 1A and K 1B states are estimated from the LCSR [39] . It should be noted that the decay constants of K 1 (1270) and K 1 (1400) mesons are written in terms of f K1A and f K1B as [39] :
where a ,K1B 0 is G-parity invariant Gegenbauer moment for K 1B state.
A. Analysis of semileptonic decays
From the formulas presented in Eq. (14) and Appendix B for the form factors of the semileptonic D 0 → a − 1 ℓ + ν decays, it is easily known that they contain two free parameters M 2 and s 0 , which are the Borel mass-square and the continuum threshold of D 0 meson, respectively. M 2 and s 0 are not physical quantities; therefore, the form factors as physical quantities should be independent of them. The Borel parameter must be large enough to suppress the contribution of higher states. On the other hand, it should be small enough to show the effect of twist functions.
For instance in Fig. 1 , the dependence of the D 0 → a 2 , can be stable within the Borel mass intervals 5 GeV 2 < M 2 < 8 GeV 2 , 8 GeV 2 < M 2 < 10 GeV 2 , and 6 GeV 2 < M 2 < 9 GeV 2 and 9 GeV 2 < M 2 < 11 GeV 2 , respectively. From now on, we get the continuum threshold of D (s) meson for all decays equal to s 0 = 7 GeV 2 in our calculations. Having all the required parameters, we can estimate the form factors for each aforementioned semileptonic decay. The LCSR predictions for the form factors are valid in half of the physical region m
, nearly, and then these quantities are truncated at some points. In order to extend our results to the full physical region, we look for parametrization of the form factors in such a way that in the validity region of the LCSR, this parametrization coincides with the sum rules predictions. We use the following fit functions of the form factors with respect to q 2 as:
. Tables II, III, [26, 27, 43] . In Tables VI and VII, we compare our results for the form factors of the aforementioned decays at the zero transferred momentum square q 2 = 0 with the the 3PSR and LFQM values which have been rescaled according to the form factor definition in Eq. (5). In these tables, the errors of the LCSR values are estimated by the variation of the Borel parameter M 2 and variation of the LCDAs parameters. The main uncertainty comes from the parameters of twist-2 LCDAs.
The form factor A(q 2 ) at q 2 = 0 is related to the strong coupling constant g DD * a1 as
Considering f D * = (0.23 ± 0.02)GeV, the value of g DD * a1 is evaluated to be (2.21 ± 1.38)GeV −1 . Now, we study the differential decay widths dΓ L /dq 2 and dΓ ± /dq 2 of the semileptonic decays D (s) to axial vector 
This work 3PSR [26] This work 3PSR [26] This work 3PSR [26] This work 3PSR 
A . In these relations, for decays described by
2 and dΓ ± /dq 2 are the longitudinal and transverse components of the differential decay width, respectively. The total differential decay width can be written as
We plot the differential branching ratios of D 0 → a − 1 ℓν with respect to q 2 in the physical region m Fig. 3 . In this figure, the solid, dash and dot-dashed lines depict the differential branching 
Form factor This work 3PSR [27] LFQM [43] This work 3PSR [27] LFQM [ The differential branching ratio of D → a1ℓν decay as a function of q 2 . The solid, dash and dot-dashed lines depict the total, longitudinal and transverse differential branching ratio, respectively. Blue, red, purple and yellow plots show the results using the form factors fitted to
and F (4) .
ratios dBr tot /dq 2 , dBr L /dq 2 and dBr T /dq 2 , respectively. Blue, red, purple and yellow plots show the results of the differential branching ratios using the form factors fitted to F (1) , F (2) , F (2) and F (4) , respectively. To calculate the branching ratio values of the semileptonic decays, we integrate Eq. (22) over q 2 in the whole physical region and use the total mean life-time τ D 0 = 0.41, τ D + = 1.04 and τ Ds = 0.50 ps [40] . To determine the branching ratio values of D (s) → K 1 (1270)ℓν and D (s) → K 1 (1400)ℓν decays, the transition form factors of them are needed. These form factors can be obtained in terms of the form factors of D (s) → K 1A ℓν and D (s) → K 1B ℓν decays with the help of the following transformations:
As previously mentioned, we use the result of θ K = −(34 ± 13)
• .
The branching ratio values of the semileptonic decays D (s) → Aℓν related to the form factors fitted to F (i) (i = 1, ..., 4) are presented in Tables VIII-XI, respectively. In these tables, we compare our results with other approaches.
The results presented for the branching ratio values of D → K 1 (1270)ℓν and D → K 1 (1400)ℓν decays in Tables VIII-XI are calculated for θ K = −(34 ± 13)
• . For a better analysis, the θ K dependence of the branching ratio values of D → K 1 (1270)ℓν is displaced in Fig. 4 . 
. For these decay, the effective Hamiltonian is given as
In this Hamiltonian, (sc) 
where f π is the pion decay constant, and e 1 = C 1 + 1 Nc C 2 . The decay width for D → K 1 π can be written as [26] :
To estimate Γ(D → K 1 π), we use f π = 0.13 GeV, m π = 0.14 GeV, V ud = 0.97, and V cs = 0.99 [40] . For obtaining e 1 , the values C 1 (m c ) = 1.26 and C 2 (m c ) = −0.51 are chosen, corresponding to the results for the Wilson coefficients obtained at the leading order in renormalization group improved perturbation theory at µ = m c ≃ 1.4 GeV ,in correspondence to α s (M Z ) = 0.118 [44] . Using four fit functions Tables XII. This table also contains the results estimated by the 3PSR method and experiment. As can be seen in Table XII , our results for three fit functions are close to each other. In summary, we investigated the form factors of the semileptonic D (s) decay into the a 1 , b 1 , K 1 (1270), K 1 (1400) axial vector mesons in the LCSR approach up to the twist-3 LCDAs. In order to extend our results to the full physical region, we used four fit functions for parametrization of the form factors. There was not any significant change in our results using four fit functions. The branching ratio values of the semileptonic D 0 → a ⊥ (v) dv, κ = α 1 + uα 3 .
